Abstract. Etanercept is a widespread biological drug for the treatment of rheumatoid arthritis, which inhibits tumor necrosis factor-α (TNF-α). Recently, the presence of antibodies targeting TNF-α inhibitors such as infliximab and adalimumab, was reported. However, few reports have studied etanercept in a mouse model of arthritis. We investigated the induction of anti-etanercept antibody production, along with the antibody's potential interfering effects on the biological function of etanercept, in mice with collagen-induced arthritis (CIA). CIA mice received an intraperitoneal injection of etanercept (25, 100 or 400 µg per mouse). The degree of inflammation and cartilage erosion was evaluated, and the number of osteoclasts in the ankle joints was assessed by TRAP staining. The level of pro-inflammatory cytokines in the serum was measured. To analyze the anti-osteoporotic effect of etanercept, microfocal computed tomography analyses of femurs and tibias were performed. Etanercept treatment decreased both the incidence and severity of arthritis in a dose-dependent manner, except for the highest dose of 400 µg. The mice that were treated with 25 and 100 µg etanercept showed an improvement in inflammation, cartilage damage, and even bone loss. However, mice treated with 400 µg etanercept showed no significant improvement in any of the tested parameters. Using a customized enzyme-linked immunosorbent assay (ELISA), the presence of the anti-etanercept antibody was detected in the serum in this treatment-refractory group. The therapeutic effect of etanercept was reduced in the CIA mice that developed the anti-etanercept antibody. In conclusion, the production of an anti-etanercept antibody can be induced in CIA mice, and this antibody can considerably reduce the anti-arthritic and anti-osteoporotic effects of etanercept.
Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease, associated with focal and systemic bone loss. Structural changes such as joint damage and osteoporosis are the most suitable symptoms for distinguishing RA from other diseases (1) . The level of tumor necrosis factor-α (TNF-α) is markedly increased in most patients with RA, and thus, the protein is considered a main pathological player in inflammation. As a result, many TNF-α inhibitors, including infliximab (Remicade 
, were developed and have been widely used to treat RA (2, 3) .
Etanercept, one of the most commonly used TNF-α inhibitors, consists of two human TNF receptor 2 (TNFR2) extracellular domains conjugated to the Fc portion of the human IgG1. The anti-inflammatory effect of etanercept in patients with RA is widely accepted (4) (5) (6) (7) . Although a previous study indicated that inhibiting inflammation in RA is insufficient to inhibit bone destruction (8) , another study showed that TNF-α blockers directly mitigate osteoporosis (9) . It was also suggested that TNF-α inhibitors prevent resorption of the bone adjacent to the joints (10) .
Despite the efficiency of TNF-α inhibition in RA treatment, it is commonly not feasible to prescribe TNF-α inhibitors to patients with early RA, due to its high cost and insurance regulations (3, 11) . British guidelines require limitation of prescriptions of TNF-α inhibitors to patients with active RA who do not have a satisfactory response to at least two disease-modifying antirheumatic drugs (DMARDs) (12) . However, since it has been reported that etanercept is effective when administered to patients with early RA (5, 13) , the importance of using this drug in the treatment of early RA is being reassessed (14) . Furthermore, there has been limited clinical research on the anti-osteoporotic effects of TNF-α inhibitors in patients with early RA. In this study, we simulated this clinical condition in mice by transiently injecting etanercept at the early stage of CIA induction.
Since TNF inhibitors have become popular drugs for the treatment of RA, clinicians are increasingly interested in the subgroup of the patients who show a refractory response to etanercept. One explanation for refractoriness is the development of anti-drug antibody (ADA) against the protein, as part of the body's physiological reaction. Not only the mouse chimeric form of the monoclonal antibody, infliximab, but also humanized drugs such as adalimumab, are reported to induce the development of ADA. However, etanercept is less known to induce ADA and less studied in comparison to infliximab and adalimumab.
In this study, we established a mouse arthritic model in which ADA production was investigated at various doses of etanercept challenge. Furthermore, we investigated whether mice with ADA show reduced focal and systemic osteoporosis as well as inflammation, and explored the underlying mechanisms. In addition, we studied the effect of etanercept in early RA by injecting CIA mice with etanercept during the early stages of RA. 17 and 21 days following the first immunization. The incidence and severity of CIA were monitored and scored as previously described (15) . The CIA incidence was expressed as the percentage of swollen paw in the 4 paws of each mouse.
Materials and methods

Induction
Etanercept treatment. Mice with CIA were given an intraperitoneal injection of either phosphate-buffered saline (PBS) or 25, 100 and 400 µg etanercept (Enbrel ® ; Pfizer, New York, NY, USA) 3 times/week, from day 7 to day 28 after the first immunization. No additional treatment was provided until sacrifice, performed at week 10 after the first immunization.
Histological evaluation of arthritis. The hind leg of each mouse was isolated and fixed in 10% formalin. After decalcification in hydrochloric acid, samples were embedded in paraffin. The sections were stained with hematoxylin and eosin (H&E), safranin O, and toluidine blue. The degree of inflammation was determined based on H&E staining using the following scoring scheme: 0, no inflammation; 1, mild thickening of the lining layer or some infiltrating cells in the sublining layer; 2, mild thickening of the lining layer and some infiltrating cells in the sublining layer; 3, thickening of the lining layer, influx of cells in the sublining layer, and existence of cells in the synovial space; and 4, synovium highly infiltrated with numerous inflammatory cells. Cartilage damage was scored based on safranin O and toluidine blue staining according to the following scheme: 0, no destruction; 1, minimal erosion, limited to single spots; 2, slight to moderate erosion in a limited area; 3, more extensive erosion; and 4, general destruction. Tartrate-resistant acid phosphatase (TRAP) staining was performed using a commercial kit (Sigma-Aldrich, St. Louis, MO, USA) as described by the manufacturer, except for hematoxylin counterstaining. TRAP + multinucleated cells with ≥3 nuclei were counted as osteoclasts. All histological assessments were performed by 2 independent blinded observers.
Quantification of cytokine levels. At 2 and 3 weeks following the first collagen immunization, ~100 µl of venous blood were taken from the orbital sinus of anesthetized mice. Following incubation at room temperature for 1 h, blood samples were centrifuged for 20 min at 15,000 g. Serum was transferred into new tubes and stored at -80˚C. The sera were analyzed with a Milliplex ® MAP Mouse Cytokine/Chemokine kit that uses a Luminex xMAP detection system (Millipore, Bedford, MA, USA). Quantification of data was performed using the Masterplex QT version 4.0 software (MiraiBio Inc., Tokyo, Japan).
Microfocal computed tomography (micro-CT) analyses.
Micro-CT analyses of the distal femoral and proximal tibial metaphyses were performed with a desktop microcomputer tomography scanner (SkyScan 1172; Bruker-microCT, Kontich, Belgium). The samples were fixed in 3.7% formaldehyde for >24 h and were scanned through a 0.5-mm-thick filter using a 141 µA current, 70 kV source voltage, and an exposure time of 590 msec. To consistently set the trabecular bone region range, data from each sample were resampled with the CTAn application following reconstruction of the scanned images with the NRecon application (both from BRUKER-MICROCT). The morphometric parameters percentage of bone volume, trabecular thickness, trabecular number, trabecular separation and bone surface density were measured by the CTAn application. Bone mineral density was measured in 77 continuous slices.
Measurement of serum anti-etanercept antibody levels.
Sera were obtained from all mice at sacrifice, and the concentration of the anti-etanercept antibody was measured by enzyme-linked immunosorbent assay (ELISA) as previously described (16), with minor modifications. Briefly, 250 ng/50 µl etanercept (0.1 M sodium carbonate, pH 9.6) were coated on the surface of a microtiter plate overnight at 37˚C. The coated wells were blocked with 2% skim milk in PBS for 1 h at 37˚C and rinsed with washing buffer (0.1% Tween-20 in PBS). Serially diluted serum samples (1:1,000-1:100,000) were added to the wells for 2 h. The wells were then washed 3 times with washing buffer. Horseradish peroxidase (HRP)-conjugated anti-mouse IgG at a 1:5,000 dilution in PBS was added and incubated for 1 h. After 5 washes with washing buffer, the tetramethyl benzidine reaction was initiated, and H 2 SO 4 was used as the stop solution. The absorbance (optical density; OD) was measured at 450 nm.
Results
Etanercept attenuates arthritis in CIA mice. Since bone damage starts at the early stage of the disease, it is advised to inject etanercept in CIA mice at the early stages to examine its anti-osteoporotic effect. Thus, we performed 9 intraperitoneal injections of etanercept to CIA mice, 3 times per week for 3 weeks, starting from day 7 after the first immunization (Fig. 1A) ., although the extent of inflammation commonly reaches a peak at week 8 in this model of arthritis. Throughout this period, we monitored the severity of arthritis in each group to examine whether etanercept injection Fig. 1B and C) , although the effects appeared to last for only 18 days after the injections. Demineralized bone was stained with H&E, safranin O, and toluidine blue to determine whether etanercept-mitigated inflammation resulted in a reduction of cartilage erosion in the (Fig. 1D) . The results showed that mice treated with 100 µg etanercept display reduced infiltration and cartilage erosion compared to control CIA mice, consistent with the RA scores and incidence rates. Joint inflammation in the group treated with 100 µg etanercept was ~1/7th of that observed in control CIA mice, and cartilage damage was as low as 35% of that observed in CIA mice ( Fig. 1E and F) . Although the effects were not as significant as those seen in mice treated with 100 µg etanercept, the group treated with 25 µg etanercept also showed a reduction in arthritis. In this case, the degree of inflammation was slightly higher compared to control CIA mice, but cartilage damage was reduced, indicating that 25 µg of etanercept can prevent cartilage damage. Since TNF-α is one of the key inducers of osteoclastogenesis (17), we assumed that etanercept treatment can reduce the number of osteoclasts, thus reducing bone damage. The bones were stained with TRAP to determine the number of multinucleated osteoclasts (Fig. 1G) . No osteoclast was detected in the bones or joints of mice treated with 100 µg etanercept, whereas a considerable number of osteoclasts were detected in joints of control CIA mice, and of mice treated with 25 µg etanercept, consistent with the degree of cartilage damage in these groups.
Anti-etanercept antibody production is induced in mice challenged with high doses of etanercept.
We performed the same experiments with a higher dose of etanercept, 400 µg. The mice treated with this dose showed little or no difference to PBS-treated mice ( Fig. 2A-E) . The levels of TNF-α and soluble receptor activator of nuclear factor κ-B ligand (sRANKL) in the serum of high-dose etanercept-treated mice were similar to those measured in the serum of control CIA mice (Fig. 2D) .
Bone destruction and demineralization were prominent in this group (Fig. 2E) . We measured the concentration of the anti-etanercept antibody at the time of sacrifice using ELISA (Fig. 2F) . Notably, the anti-etanercept antibody was detected in mice treated with 400 µg etanercept, even when serum samples were diluted by 1/1,000 ( Fig. 2G and H) .
Etanercept affects the level of pro-inflammatory cytokines in the serum of CIA mice. Since TRAP staining data showed that etanercept affects the number of osteoclasts in the ankle joints, we assumed that there may be differences in the levels of cytokines related to osteoclastogenesis in the sera of these mice. To examine whether etanercept treatment up-or downregulates TNF-α, sRANKL, interleukin (IL)-1β and IL-6, we collected sera from the orbital sinus of anesthetized animals at the second and third week after the first collagen immunization. At 2 weeks after immunization, the serum levels of TNF-α and sRANKL were consistent with the results described in Fig. 1 (Fig. 3A and B) . The lowest concentrations of TNF-α and sRANKL were found in the sera of mice treated with 100 µg of etanercept. The dosages of 25, 100 and 400 µg were compared. Among them 100 µg was more effective than 25 µg (Fig. 1) , however, at 400 µg showed no improvement (Fig. 2) . TNF-α and sRANKL levels in the serum of mice treated with 25 µg etanercept were lower compared to those measured in the serum of control CIA mice, but were higher compared to those measured in the serum of mice that received the most effective dose (100 µg), indicating dose dependency. The IL-6 levels showed time-dependent variation; at the second week following the first collagen immunization, the highest IL-6 levels were observed in the serum of control CIA mice, but these levels were almost 
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identical in all groups by the third week. By contrast, the levels of IL-1β were relatively low throughout the experiment and did not significantly differ between groups ( Fig. 3C and D) . These data showed that the TNF-α and sRANKL levels in the sera are largely affected by etanercept treatment, and indicate that systemic bone loss may be regulated by etanercept, through inhibition of osteoclastogenesis.
Etanercept treatment at the early stage of disease prevents systemic bone demineralization. As our data showed, etanercept reduced osteoclastogenesis and affected the level of osteoclastogenesis-associated cytokines, TNF-α and sRANKL. We next investigated, using micro-CT analysis, whether etanercept can prevent systemic bone loss. The distal femoral and proximal tibial metaphyses from each mouse were amputated and analyzed by micro-CT to identify the effects of etanercept on bone demineralization, induced by arthritis ( Fig. 4A and B) . As expected, mice treated with a low dose of etanercept (25 µg) did not show any considerable improvement of disease symptoms, and we therefore focused on mice treated with 100 µg etanercept. Compared to the control CIA mice, the 100 µg etanercept-treated group showed a 3-fold increase in the percentage of bone volume (BV/TV), ~65% higher bone mineral density (BMD), nearly 2-fold higher bone surface density (BS/TV), ~30% lower trabecular separation (Tb.Sp), and a 2-fold higher trabecular number (Tb.N). These results indicate that etanercept inhibits bone demineralization in this group (Fig. 4A and B) . The three-dimensional images of knee joints and hind paws clearly illustrated this tendency (Fig. 4A) . Trabecular thickness (Tb.Th) was similar in all groups. These data indicate that etanercept may attenuate systemic demineralization and focal erosion in CIA mice, even when it is administered at the early stage of the disease.
Discussion
In this study, we showed that etanercept can ameliorate both osteoporosis and inflammation in CIA mice. By treating with etanercept only during the early stage of arthritis, we measured how long the effect of etanercept can last and how important anti-TNF-α treatment is, in an experimental RA model (Fig. 1A) . The anti-inflammatory effect of 100 µg etanercept lasted ~18 days following cessation of treat- A B ment (Fig. 1B and C) . The formation of pannus with bone erosion tended to correlate with the severity of swelling, showing that 100 µg etanercept is effective against both inflammation and focal bone erosion in RA (Fig. 1D-G) . We examined differences in the sera cytokine levels of mice following etanercept treatment (Fig. 3) . The results showed that sRANKL and TNF-α decreased as the disease ameliorated, suggesting that the effect of etanercept correlates with changes in these cytokines. Both sRANKL and TNF-α are well-known mediators of osteoclastogenesis; sRANKL combined with M-CSF is sufficient to induce osteoclastogenesis and has been widely used in in vitro osteoclast formation experiments (18) (19) (20) . Moreover, TNF-α stimulates osteoclast differentiation independently of RANK-RANKL signaling (17) . Therefore, the reduction of sRANKL and TNF-α levels in mice treated with 100 µg etanercept may inhibit osteoclastogenesis, preventing the CIA-induced bone loss.
BMD was measured by micro-CT to investigate whether the effect of etanercept is consistent with a systemic reduction in bone erosion. Systemic bone destruction was reduced in the 100 µg etanercept-treated mice compared to that in control CIA mice ( Fig. 4A and B) , suggesting that etanercept prevents not only destruction of focal bone adjacent to the joints, but also systemic bone destruction. Furthermore, during the early stage of the disease, these effects were observed only after etanercept treatment, indicating that etanercept treatment may be effective in preventing osteoporosis in patients with early RA.
Notably, the highest dose of 400 µg etanercept did not reduce the symptoms of arthritis. The incidence of arthritis and the arthritis scores of mice treated with 400 µg etanercept exceeded those of control CIA mice ( Fig. 2A and B) . Furthermore, pannus formation and cartilage damage in the joints of mice treated with 400 µg etanercept were similar to those in CIA mice (Fig. 2C) . The levels of sRANKL and TNF-α in sera of mice treated with 400 µg etanercept did not decrease, and no anti-osteoporotic effect was detected in these mice ( Fig. 2D and E) .
Etanercept is considered effective for treating RA and has been traditionally prescribed to many RA patients. Numerous scientists and clinicians consider that an abnormal inhibition of etanercept activity by several known factors can explain the fact that some patients do not respond to this treatment. The development of ADA against etanercept could be one of these factors. However, etanercept was considered less likely to induce development of ADA in comparison to other monoclonal antibody drugs. Since the current literature does not unequivocally exclude the possibility of induction of an antietanercept antibody, in the present study we used an ELISA assay to detect this antibody ( Fig. 2F and H) . We clearly detected the anti-etanercept antibody only in the sera from the etanercept-refractory group (400 µg). The recommended etanercept dose for humans is 714 µg/kg; given that a mouse weighs 20 g, this is equivalent to ~178.5 µg/mouse, considering the body surface area (21). Thus, 400 µg of etanercept was an overdose for the mice, which might have led to the synthesis of the anti-etanercept antibody that may have caused the ineffectiveness of the high-dose etanercept treatment. Although the number of patients refractory to etanercept has continued to increase (22) , the reason for this has not been elucidated. Several studies have suggested that the production of anti-TNF-α inhibitor antibodies is the main reason for treatment refractoriness (23) (24) (25) . However, the frequency of the anti-etanercept antibody was reported at <5.6% (26) (27) , considerably lower than that of other anti-TNF-α inhibitors (12-44% anti-infliximab and 6-87% anti-adalimumab) (28) , and no correlation has been demonstrated between the presence of the anti-etanercept antibody and poor clinical response. In this study, we have shown that the production of anti-etanercept antibody by mice exposed to an etanercept overdose is associated with the inefficiency of the drug. We have shown that etanercept effectively reduces inflammation and focal and systemic osteoporosis, and that these effects partially result from the indirect inhibition of osteoclastogenesis. These effects were considerable, even when etanercept was only administered during the early stage of the disease, suggesting that etanercept treatment during early stages may be useful to ameliorate RA. We also demonstrated the presence of anti-etanercept antibody in the serum of etanercept treated-refractory mice, which provides a clue to the potential mechanism of resistance in patients with RA who are refractory to treatment.
